Superinfection with human immunodeficiency virus type 1 (HIV-1) is the infection of an HIV-seropositive individual with a second heterologous strain of the virus after infection with the first infecting strain is established. There is accruing evidence for HIV-1 intra-and intersubtype superinfection in settings of intravenous drug use, structured treatment interruptions, and with strains that are resistant to antiretroviral drugs (2, 4, 6, 22, 26, 28, 32, 39, 42, 43, 52, 60, 66) . Epidemiologic studies have suggested that the frequency of superinfection ranges from rare to as high as 5% per year in high-risk populations (9, 10, 15, 20, 24, 27, 31, 40, 41, 51, 59, 65, 67) . However, it remains unclear how readily superinfections occur after exposure of an infected individual to a heterologous strain of virus. Furthermore, the variables that may contribute to susceptibility or resistance to superinfection, such as the timing of exposure to a second virus or the immunologic status of the exposed individual, have not been well defined. It is also uncertain whether superinfection is invariably associated with the loss of HIV containment and clinical deterioration (8, 17, 21, 23, 26, 27, 30, 60) . Understanding the risks for and the biological consequences of HIV superinfection will not only clarify an important clinical problem, it may also provide important insights into the nature of the immune responses that may confer protection against the initial acquisition of HIV.
The nonhuman primate model provides an ideal means of studying the pathogenesis of HIV-1 superinfection. This system allows for control of many important variables, including the dose, strain, route, and timing of infection. However, there have only been a few animal studies that have attempted to explore the biology of superinfection. The implications of these studies are uncertain because they have been done in models in which infected monkeys do not develop AIDS and the viruses used are either replication incompetent or replicate at low levels (11-13, 18, 36-38, 46-48, 53, 56-58, 61-64) . Therefore, it is unclear whether we can extrapolate from these studies the frequency HIV-1 superinfection, the implications of superinfection on HIV pathogenesis, and the feasibility of inducing broadly cross-protective immune responses.
In the present study, we have developed a rhesus monkey model of mucosal superinfection to examine whether infection with replication-competent simian immunodeficiency virus (SIV) confers a relative resistance to superinfection and elucidate the factors that influence the clinical course of infection with a second virus. We show that although prior infection with SIV does not protect against subsequent mucosal challenge with a heterologous SIV isolate, the primary infection does attenuate the replication capacity of the second virus.
MATERIALS AND METHODS

Animals.
Fourteen adult rhesus monkeys (Macaca mulatta) were used in this study. All animals were housed at Bioqual (Rockville, MD) and maintained in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care guidelines at the National Institutes of Health.
SIV challenge stocks. The viruses used in this study included cell-free uncloned pathogenic SIVmac251 and pathogenic SIVsmE660 (kindly provided by Vanessa Hirsch, NIAID/NIH). The stock of SIVmac251 was expanded on human peripheral blood mononuclear cells (PBMCs), and the stock of SIVsmE660 was expanded on rhesus monkey PBMCs. To initiate intravenous infections, 2.1 ϫ 10 5 RNA copies of SIVmac251 and SIVsmE660 were used. Doses of 6.3 ϫ 10
7
RNA copies of SIVmac251 and 4.3 ϫ 10 8 copies of SIVsmE660 were used for the intrarectal exposures. These were doses that were previously shown to reproducibly initiate mucosal infections in rhesus monkeys (29) .
qRT-PCR. Plasma SIVmac251 and SIVsmE660 RNA levels were determined using a two-step quantitative real-time reverse transcription-PCR (qRT-PCR) assay. Four sets of strain-specific probes and primers for gag and env were used to distinguish and quantify SIVmac251 and SIVsmE660. Viral RNA was extracted and purified from plasma using the QIAmp viral RNA minikit (Qiagen, Valencia, CA). RNAs were subjected to RT with MultiScribe reverse transcriptase (Applied Biosystems, Foster City, CA) to generate cDNA products for quantitative PCR using the env RT primer, 5Ј-GAACCCTAGCACAAAGACC CC-3Ј, and the gag RT primer, 5Ј-GGTGCAGCAAATCCTCT-3Ј. These primers were designed to anneal to conserved regions of gag and env that are shared by the two viral strains.
The subsequent qRT-PCRs were set up using TaqmanGold Mastermix (Applied Biosystems, Foster City, CA). cDNAs were amplified with SIVsmE660 TaqMan env and gag probes that were labeled with 6-carboxyfluorescein (FAM) and quencher dye BHQTM1, while the SIVmac251 env and gag TaqMan probes were labeled with Quasar 670 and quencher dye BHQTM2 (Biosearch Technologies, Novato, CA). For each sample, analyses for SIVmac251 and SIVsmE660 were conducted separately for both env and gag. The sequences and annealing temperatures for primers and probes are outlined in Table 1 .
The assembled reactions were run on a Stratagene Mx4000 multiplex quantitative PCR system (Stratagene, La Jolla, CA). Thermal cycling conditions consisted of 10 min at 95°C for AmpliTaq activation, followed by 45 cycles of 30 s at 95°C, 35 s at gene-and strain-specific annealing temperatures as described above, and 30 s at 70°C. Triplicate test reactions were performed for each sample. The nominal copy numbers for test samples were determined by interpolation onto standard curves of RNA standards (duplicate reactions for log 10 dilutions of 10 1 to 10 6 copies eq/ml). All data analysis was performed with the Mx4000 v3.00 software (Stratagene, La Jolla, CA). The threshold sensitivity of this assay is 100 copies eq/ml of plasma. Because a low level of cross-reactivity of probes between the two strains for SIV could not be eliminated, the baseline signal for the heterologous strain was subtracted for all tested samples.
Infection. For intrarectal exposure to SIV, animals were placed in a sternal position after anesthesia (10 mg/kg intramuscular [i.m.] Ketamine and 0.5 mg/kg i.m. Xylazine) with the pelvis propped up at approximately a 45 o angle. A lubricated infant feeding catheter was inserted gently into the rectum of the animal approximately 4 to 6 in. without causing any injury. First, 5 ml of diluent (phosphate-buffered saline [PBS], 0.5% human serum albumin) was gently flushed through the catheter and then 1 ml of the virus was injected through the catheter, followed by a 5-ml flush with diluent. The animal was returned to its cage and kept tilted at a 45°angle until it fully recovered from anesthesia. Six weekly, intrarectal challenges were carried out with the heterologous virus. Antibodies. The antibodies used for surface staining of memory-associated molecules and in the intracellular cytokine staining were purchased from BD Biosciences (BD) and Beckman Coulter (BC). All reagents were validated and titers determined using rhesus monkey PBMCs. The antibodies and conjugates used in memory staining were anti-CD3-peridinin chlorophyll protein (PerCP)-Cy5.5 (SP34.2 from BD), anti-CD4-fluorescein isothiocyanate (19Thy5D7 from BC), anti-CD95-allophycocyanin (APC) (DX2 from BD), and anti-CD28-phycoerythrin (PE) (CD28.2 from BC). For intracellular cytokine staining, the antibodies and conjugates used were anti-tumor necrosis factor alpha (TNF-␣)-fluorescein isothiocyanate (FITC) (Mab11 from BD), anti-CD95-PE (DX2 from BD), anti-gamma interferon (IFN-␥)-PE-Cy7 (B27 from BD), anti-CD28-PerCP-Cy5.5 (L293 from BD), anti-interleukin-2 (IL-2)-APC (MQ1-17H12 from BD), anti-CD4-AmCyan (L200 from BD), anti-CD3-Alexa Fluor 700 (SP34.2 from BD), and anti-CD8␣-APC-cy7 (SK1 from BD). CD4 ؉ T-lymphocyte counts and CD4 ؉ memory subsets. Whole blood collected in EDTA was surface stained with anti-CD3-PerCP-Cy5.5, anti-CD4-FITC, anti-CD95-APC, and anti-CD28-PE. Peripheral blood CD4 ϩ T-lymphocyte counts were calculated by multiplying the percentage of CD3 ϩ CD4 ϩ T lymphocytes by the total lymphocyte counts. The percentages of central, naïve, and effector memory cells were calculated by multiplying the percentages of CD28 ϩ CD95 ϩ , CD28 ϩ CD95 Ϫ , and CD28 Ϫ CD95 ϩ T lymphocytes by the total lymphocyte counts.
IFN-␥ ELISPOT assays. Multiscreen 96-well plates were coated overnight with 100 l per well of 5 g/ml anti-human IFN-␥ antibody (B27; BD Pharmingen) in endotoxin-free Dulbecco's PBS (D-PBS). The plates were then washed three times with D-PBS containing 0.25% Tween 20, blocked for 2 h with D-PBS containing 5% fetal bovine serum to remove the Tween 20, and incubated with peptide pools and 2 ϫ 10 5 PBMCs in triplicate in 100-l reaction mixture volumes. The peptide pool used in this study spanning the SIVmac239 Gag protein was comprised of 15-amino-acid peptides overlapping by 11 amino acids. Each peptide in a pool was present at a 1-g/ml concentration. Following an 18-h incubation at 37°C, the plates were washed nine times with D-PBS containing 0.25% Tween 20 and once with distilled water. The plates were then incubated with 2 g/ml biotinylated rabbit anti-human IFN-␥ (Biosource) for 2 h at room temperature, washed six times with Coulter wash (Beckman Coulter), and incubated for 2.5 h with a 1:500 dilution of streptavidin-alkaline phosphatase (Southern Biotechnology). After five washes with Coulter wash and one with D-PBS, the plates were developed with nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) chromogen (Pierce). The process was stopped by washing with tap water, and the plates were air dried and read with an enzyme-linked immunospot (ELISPOT) reader (Hitech Instruments) using PBMC stimulation and intracellular cytokine staining. Purified PBMCs were isolated from EDTA-anticoagulated blood and incubated at 37°C in a 5% CO 2 environment for 6 h in the presence of RPMI 1640-10% fetal calf serum alone (unstimulated), a pool of 15-mer Gag peptides (5 g/ml [each peptide]), or staphylococcal enterotoxin B (5 g/ml; Sigma-Aldrich) as a positive control. All cultures contained monensin (GolgiStop; BD Biosciences) as well as 1 g/ml of anti-CD49d (BD Biosciences). The cultured cells were stained with monoclonal antibodies specific for cell surface molecules (CD3, CD4, CD8, CD28, and CD95) and with an amine dye (Invitrogen) to discriminate live from dead cells. After being fixed with Cytofix/Cytoperm solution (BD Biosciences), cells were permeabilized and stained with antibodies specific for IFN-␥, TNF-␣, and IL-2. Labeled cells were fixed in 1.5% formaldehyde-PBS. Samples were collected on an LSR II instrument (BD Biosceiences) and analyzed using FlowJo software (Tree Star). Approximately 200,000 to 1,000,000 events were collected per sample. The background level of cytokine staining varied within different samples and different cytokine patterns but was typically Ͻ0.01% of the level of the CD4 ϩ T cells (median, 0%) and Ͻ0.05% of the level of the CD8 ϩ T cells (median, 0.01%). All data are reported after background correction. The only samples considered positive were those in which the percentage of cytokine-staining cells was at least twice that of the background.
Virus neutralization assay. Plasma samples were collected from all 14 infected animals immediately prior to intrarectal exposure to the second virus. Neutralizing antibodies were measured in a luciferase reporter gene assay that utilized either TZM-bl or 5.25.EGFP.Luc.M7 (M7-Luc) cells as described previously (33) . The 50% inhibitory dose (ID 50 ) was defined as the plasma dilution that resulted in a 50% reduction in relative luminescence units (RLU) compared to virus control wells after subtraction of background RLU. Assay stocks of uncloned SIVsmE660 were generated in CEMx174 cells. Assay stocks of the Envpseudotyped virus, SIVmac251/CS.41, were generated by cotransfection of a SIVmac251CS Env plasmid and an Env-deficient HIV backbone plasmid (pSG3⌬Env) in 293T cells. Both viral stocks were made cell free by filtration through 0.45-m pores and stored at Ϫ70°C until use.
Statistical analyses. Statistical analyses and graphical presentations were computed with GraphPad Prism, using nonparametric Wilcoxon rank sum tests and Mann-Whitney U test. P values of Ͻ0.05 were considered significant.
RESULTS
SIVmac251 and SIVsmE660 differ by typical intraclade HIV-1 distance.
To evaluate the genetic relatedness of two isolates of SIV that are frequently used in nonhuman primate studies, we compared the genetic distance between SIVmac251 and SIVsmE660 to intraclade and interclade HIV-1 sequence distances. We used HIV clade B and C sequences in the Los Alamos HIV Sequence Database to generate our estimates of HIV-1 interclade and intraclade diversity. We used one sequence per person for these alignments. We analyzed 11,484 pairs of sequences for gag, 21,177 pairs of sequences for env, 32,465 pairs of sequences for nef, and 7,140 pairs of sequences for pol. Figure 1 shows the distribution of normalized frequencies for percent similarity of intraclade and interclade pairwise comparisons. The calculated distances between SIVsmE660 and SIVmac251 at gag, pol, env, and nef are plotted in each panel. As shown in Fig. 1A and B, the distance between gag and env of the two SIV strains is similar to HIV-1 clade B and C intraclade distances, with distances of 0.91 and 0.83, respectively. In contrast, the distances between the two SIV isolates in pol and nef are of the magnitude seen in interclade differences in HIV-1 ( Fig. 1C and D) . Therefore, these two pathogenic SIV isolates are well suited for use in an SIV model of superinfection because their two key foci, env and gag, have differences that reflect a degree of sequence heterogeneity comparable to different circulating HIV-1 isolates within the same clade.
Plasma SIV RNA levels following primary infection. We then established cohorts of rhesus monkeys that were infected with one or the other of these two strains of SIV. The viruses and routes of administration used to initiate these infections are summarized in Table 2 . Eight animals were initially infected with SIVmac251 ( Fig. 2A) , and six animals were initially infected with SIVsmE660 (Fig. 2B) . Infection was successfully established in 9 of these 14 monkeys via the intrarectal route. However, 5 of 14 monkeys did not exhibit detectable viremia after 18 sequential intrarectal inoculations and had to be inoculated intravenously to initiate the primary infection (CR53, AV74, and CG5G with SIVmac251 and CR54 and CP37 with SIVsmE660).
Viral replication during primary infection occurred with kinetics typical of SIV replication in naïve rhesus monkeys. Moreover, SIV replication kinetics did not differ significantly between animals that became infected by mucosal or intravenous routes. Monkeys that were infected with SIVmac251 all developed uniform peak plasma viral RNA levels of 6 to 7 logs at 14 days after virus inoculation followed by a sustained viremia of 4 to 6 logs of plasma viral RNA, with the exception of one monkey (CT76) who had undetectable viremia by 700 days postinfection.
In the cohort of monkeys infected by SIVsmE660, monkeys had peak plasma viral RNA levels of 5 to 8 logs at 14 days after virus inoculation, followed by sustained viremia of 5 to 7 logs of plasma viral RNA in animals CP37 and CP23. However, three of the monkeys infected with SIVsmE660 (CP3C, CG7G, and AK9F) had undetectable plasma viral RNA levels by 700 days postinfection, while monkey CR54 had an undetectable plasma viral RNA levels by 85 days postinfection. This wide range in peak and set point viremias in monkeys infected with SIVsmE660 has been previously described (7, 19, 35) . Since plasma viral RNA levels at peak and set point in some of the SIVsmE660-infected monkeys (CP37, CP23, and CG7G) were of a magnitude comparable to that seen in monkeys following SIVmac251 infection, the variability in SIVsmE660 replication levels in monkeys likely reflects a host factor effect rather than an intrinsic lack of replicative capacity of the SIVsmE660 strain. Plasma SIV RNA levels following superinfection. Once set point plasma virus RNA levels were reached, all monkeys were exposed to the heterologous virus by 6 weekly intrarectal inoculations. The duration of primary infection and plasma virus RNA levels at time of exposure to the second virus are summarized in Table 2 . The eight SIVmac251-infected monkeys and six SIVsmE660-infected monkeys were then monitored for evidence of superinfection by assessing plasma SIVmac251 and SIVsmE660 RNA weekly for 20 weeks.
To monitor the viral replication dynamics for each SIV strain in the dually infected monkeys, we developed a qRT-PCR assay using strain-specific probes. Figure 3 shows the replication kinetics of the two strains of SIV following the first and second infections. As depicted in Fig. 3A , six of six monkeys that were initially infected with SIVsmE660 became superinfected with SIVmac251. Of the eight monkeys that were initially infected with SIVmac251, six became superinfected with SIVsmE660 (Fig. 3B ). Viral RNA of the heterologous SIV strain was detected by 14 to 21 days after challenge. In 11 of 12 superinfected animals, with the exception of AK9F, the levels of plasma viral RNA of the second virus at peak viremia were 1 to 4 logs lower than the peak viremia of the first virus. In addition, the levels of plasma viral RNA of the second virus also declined rapidly to undetectable levels in six animals (CR54, CP23, CR53, PBE, AH4X, and CG71), while the viral load persisted at low levels in the remaining six animals (CP37, CG7G, CP3C, AK9F, CP1W, and CT76). The presence of the superinfecting virus at multiple time points was confirmed in each animal by direct sequencing.
Of the 14 infected animals that were exposed to a heterologous virus, only 2 (AV74 and CG5G) that were initially infected with SIVmac251 resisted superinfection with the heterologous virus (Fig. 3C) . There was no detectable SIVsmE660 viral RNA in these animals for 20 weeks after exposure. The absence of replication by the second virus was verified by direct sequencing (data not shown).
No apparent acceleration in disease progression after superinfection. Interestingly, we observed an increase in plasma FIG. 3 . Plasma viral RNA levels of both SIV strains following the primary infection and superinfection in each monkey. Monkeys were either first infected with SIVsmE660 and then with SIVmac251 (A) or first infected with SIVmac251 followed by SIVsmE660 (B). Only two monkeys that were initially infected with SIVmac251 resisted superinfection with SIVsmE660 after six intrarectal challenges (C). The red lines and symbols represent RNA levels of SIVsmE660, while the blue lines and symbols represent plasma RNA levels of SIVmac251.
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YEH ET AL. J. VIROL. viral RNA levels of the primary virus ( Fig. 3A and B) and a transient decline in CD4 ϩ T cells following superinfection in all of the animals, except AH4X (Fig. 4A) , CP3C, and AK9F (Fig. 4B ). This finding is consistent with case reports of HIV superinfection in which superinfected individuals developed a transient perturbation in total plasma viral RNA levels in association with a clinical prodrome that aroused suspicion that an intervening event might have caused a sudden rise in viral load (2, 26, 27, 42, 60, 67) . The CD4 ϩ T-cell counts re-equilibrated 2 to 6 weeks after superinfection, and a small increase in the CD4 ϩ T-cell counts in some of the animals was observed from 42 to 126 days after superinfection (CT76, CP1W, CG71, CP3C, AK9F, and CG7G). We did not perform statistical analyses on the differences in the CD4 ϩ T-cell decline between superinfected and nonsuperinfected animals due to the small sample size of animals that resisted superinfection, but the trends in changes of CD4 ϩ T-cell counts were indistinguishable between all animals. Therefore, there appeared to be no acceleration in disease progress in the superinfected monkeys as a consequence of superinfection.
Peak viral replication following the second infection was lower than peak viral replication following the first infection.
Of the 12 monkeys that became superinfected, 11 animals efficiently controlled the second virus at peak viremia, with the exception of AK9F. Peak replication following the second virus infection was lower than peak replication after the first infection in each monkey (Fig. 5A) . The decrease in peak viremia was statistically significant as determined by the paired Wilcoxon rank sum test (P ϭ 0.001). Furthermore, when considered as a cohort, the median peak viral load value following the second infection was lower than that observed following the first infection (Fig. 5B) . The difference in the median values and interquartile ranges of peak viremia between the first and second infections was statistically significant as determined by the unpaired Mann-Whitney U test (P Ͻ 0.0001).
Susceptibility to superinfection was not associated with time after the first infection or persistence of the primary virus. In these two cohorts of monkeys, superinfection was initiated between 3 and 20 months after the primary infection (Table 2) . This large window of susceptibility suggests that infected individuals are likely susceptible to superinfection regardless of the state of immune competence of the host or the maturity of the immune response to the initial virus. Superinfection can occur after the immune response against the initial infection has had time to develop and mature. In addition, since 10 of 12 superinfected animals harbored the Mamu-A*01, -B*08, and -B*17 alleles (Table 2) , susceptibility to superinfection appears not to be a consequence of major histocompatibility complex alleles that are associated with relatively efficient viral control.
Furthermore, the likelihood of acquiring a second virus appears not to be correlated with the persistence of replication of the primary virus at the time of exposure to the heterologous virus (Table 2) . Some animals became superinfected despite relatively high levels of replication of the primary virus, ranging from 10 4 to 10 6 RNA copies/ml in the plasma (CP23, CP37,
FIG. 4. Absolute CD4
ϩ T-cell counts for 126 days after superinfection. The CD4 ϩ T-cell counts in the peripheral blood are shown in blue for the six animals that were initially infected with SIVmac251 and then superinfected with SIVsmE660 (A), in red for the six animals that were first infected with SIVsmE660 and then superinfected with SIVmac251 (B), and in black for the two animals that resisted superinfection (C). The dotted line indicates day 0 prior to superinfection. The presuperinfection CD4 ϩ T-cell counts were obtained 7 days prior to superinfection.
FIG. 5.
Peak plasma viral RNA levels were higher following the first infection than after the second infection. (A) Peak plasma viral RNA levels for each monkey following primary infection and superinfection are indicated by individual filled circles and are connected by lines. In 11 of 12 superinfected animals, there was a lower peak plasma viral RNA level following the superinfection than following the primary infection. These comparisons were done using the two-tailed paired Wilcoxon's rank sum test (P ϭ 0.001). (B) Peak plasma viral RNA levels are depicted as separate points following primary infection and following superinfection. Bars representing the median value and interquartile ranges are shown for each group. The two-tailed unpaired Mann-Whitney U test (P Ͻ 0.0001) was used to evaluate the statistical significance of the differences between the peak viremias at the two time points.
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ CP1W, PBE, CG71, AH4X, and CR53), while others became superinfected in the setting of undetectable or low-level replication of the primary virus, ranging from 10 2 to 10 3 RNA copies/ml in the plasma (CP3C, CG7G, AK9F, CR54, and CT76).
Interestingly, in animals that had a high-set-point viremia following exposure to the first virus, either SIVmac251 (CP1W, CR53, PBE, AH4X, and CG71) or SIVsmE660 (CP37 and CP23), the second virus was efficiently controlled after superinfection while the first infecting virus remained the predominant viral quasispecies in the plasma. In contrast, in animals that had undetectable plasma viral RNA levels following exposure to SIVsmE660 (CG7G, CP3C, and AK9F) or SIVmac251 (CT76) prior to superinfection, the heterologous virus replaced the first viral strain after superinfection even in monkeys with blunted peak replication of the second virus. Only one monkey in the cohort, CR54, was able to control both viruses to undetectable levels. These data suggest that, although direct viral interference did not contribute to susceptibility to superinfection, it may have influenced the viral replication dynamics of the second virus relative to the primary virus after superinfection.
Susceptibility to superinfection was not associated with absolute CD4
؉ T-cell counts or percent central memory CD4 ؉ T cells. To determine if there were any clinical parameters associated with relative susceptibility to superinfection in these cohorts of monkeys, we assessed the absolute CD4 ϩ T-cell counts and the percentage of CD4 ϩ T lymphocytes that were central memory cells immediately prior to the exposure of these animals to the heterologous virus. There was no difference between absolute CD4 ϩ T-cell counts or the percentage of CD4 ϩ central memory T cells in the animals that became superinfected and those that resisted superinfection (Fig. 6A  and B) . Although a statistical analysis could not be performed to validate this observation due to the small sample size of animals that resisted superinfection, the absolute CD4 ϩ T-cell counts and the percentage of central memory CD4
ϩ T cells of animals that resisted superinfection were within the range of the corresponding parameters in animals that became superinfected. In addition, we also analyzed the percentages of effector and naïve memory CD4 ϩ T cells and found that there were no differences in these values between the two groups of monkeys (data not shown). Together, these data indicate that animals with immune systems that are more damaged by a prior SIV infection appeared not to have an increased susceptibility to superinfection.
Susceptibility to superinfection was not associated with virus-specific cellular immune responses. To determine whether systemic virus-specific cellular immune responses conferred protection against heterologous virus in the monkeys that resisted superinfection, all rhesus monkeys were evaluated for SIV-specific cellular immunity immediately prior to exposure to the heterologous virus. Cellular immunity to SIV was first evaluated using an ELISPOT assay to assess PBMC IFN-␥ responses following exposure to a pool of SIV Gag peptides (Fig. 7A) . SIV-specific T-cell responses were indistinguishable between the animals that became superinfected and those that resisted superinfection.
SIV-specific CD4 ϩ and CD8 ϩ T-lymphocyte function was further evaluated by intracellular cytokine staining. Immediately prior to exposure to the heterologous virus, PBMC production of IFN-␥, TNF-␣, and IL-2 was assessed after stimulation with SIV Gag peptide pools. We were able to detect virus-specific CD4 ϩ (Fig. 7B ) and CD8 ϩ (Fig. 7C) T-lymphocyte responses in PBMCs of all monkeys. We did not perform statistical analyses on the differences in cytokine secretion between the two groups of monkeys due to the small sample size of animals that resisted superinfection. However, the cytokine responses of the two animals that resisted superinfection were within the range of the corresponding parameters in animals that became superinfected. Therefore, the qualitative and quantitative cell-mediated SIV-specific immune responses of monkeys that became superinfected and those that resisted superinfection appeared to be indistinguishable. These findings suggest that SIV-specific cellular immune responses likely did not account for the variability in the susceptibility of these monkeys to superinfection.
Antibody responses did not protect against superinfection. The role of neutralizing antibody responses in protecting against HIV superinfection is not clear (5, 49, 50) . To assess whether SIV-specific antibodies played a role in the resistance to superinfection in these cohorts of animals, plasma samples harvested just prior to the heterologous viral challenge were assayed for neutralizing antibody responses elicited by the primary SIV infection. The ability of plasma antibody to neutralize SIVsmE660 and SIVmac251 was measured in luciferase reporter gene neutralizing antibody assays using uncloned SIVsmE660 and pseudoviruses expressing viral Envelope cloned from SIVmac251CS.41 (33) . The serum ID 50 neutralizing titers against both viruses are shown in Table 3 , Plasma from five of six monkeys (except CR54) that were first infected with SIVsmE660 neutralized the homologous SIVsm E660 (1:62 to 1:508), while plasma from five of eight SIVmac251-infected monkeys neutralized homologous SIVmac251 (1:33 to 1:215).
To investigate whether the antibodies generated by these animals following primary infection have the ability to neutralize the heterologous virus, we assayed the plasma of the monkeys for neutralization activity against the second virus before their exposure to that virus. As shown in Table 3 , animals initially infected with SIVsmE660 generated undetectable or low titers of neutralizing antibodies to SIVmac251 (ranging from undetectable to 1:41). We also detected neutralizing antibodies against SIVsmE660 in six of eight animals that were initially infected with SIVmac251 (ranging from 1:73 to 1:245). The titers against the heterologous SIVsmE660 in the SIVmac251-infected animals were not significantly lower than the titers against the homologous SIVsmE660 in SIVsmE660-infected animals (P ϭ 0.95, Mann-Whitney test).
Interestingly, animals AV74 and CG5G, who were initially infected with SIVmac251 and subsequently resisted superinfection with SIVsmE660, had neutralizing antibodies against SIVsmE660 prior to exposure to this heterologous virus. However, the titers of these antibodies were within the range of antibody titers against SIVsmE660 that were generated by other SIVmac251-infected animals that became superinfected following exposure to SIVsmE660. We did not perform statistical analyses of the differences in antibody titers against SIVsmE660 between the SIVmac251-infected monkeys that resisted superinfection and the SIVmac251-infected monkeys that became superinfected because of the small number of animals that resisted superinfection. Nevertheless, the titers of neutralizing antibodies specific for the heterologous viruses that were elicited during primary infection appear to not have influenced the susceptibility of monkeys to superinfection.
FIG. 7. Resistance to superinfection was not associated with SIV Gag-specific CD4
ϩ and CD8 ϩ T-lymphocyte responses at the time of exposure to the superinfecting virus. Peripheral blood lymphocytes obtained from the monkeys prior to challenge with the superinfecting virus were exposed to a pool of overlapping SIV Gag peptides, and their responses were assessed in IFN-␥ ELISPOT assays (A). SFC, spot-forming cells. By gating on CD4 ϩ (B) or CD8 ϩ (C) T lymphocytes, the cells were assessed for production of TNF-␣, IFN-␥, and IL-2 in intracellular cytokine staining assays. The dashed boxes highlight the animals that resisted superinfection. 
DISCUSSION
HIV superinfection has important implications for vaccine prevention of HIV infection and the global genetic diversity of HIV. In this study, we used intrarectal inoculations of two replication-competent strains of SIV to simulate HIV-1 superinfection and employed quantitative analyses of viral RNA using strain-specific primers to define the replication dynamics of each virus over time. We demonstrated that immune responses generated during primary infection that are capable of controlling one strain of SIV do not preclude subsequent infection with a second strain of SIV. Superinfection occurred as early as 3 months and as late as 2 years following primary infection, and susceptibilities to superinfection appeared to be independent of classical adaptive immune responses or the level of replication of the primary virus, even though we were not able to evaluate the statistical significance of these parameters because of the small number of animals that resisted superinfection in this study. Importantly, the replication of the superinfecting virus during the first days following exposure was attenuated compared with the replication of the primary virus. The relative susceptibility of monkeys to superinfection in the present study could not be attributed to a difference in the replication capacities of these two strains of SIV, since superinfection occurred in both cohorts of animals regardless of which virus was used to establish the first infection. Furthermore, the ability of both SIVmac251 and SIVsmE660 to maintain dominance in superinfected monkeys suggests that these two SIV strains are comparable in their fitness.
Previous nonhuman primate studies using a live attenuated immunodeficiency virus to generate protection against a pathogenic immunodeficiency virus challenge provide an important context for the present findings. Although such live attenuated viruses can confer protection against a homologous virus challenge (11, 14, 25, 36, 57, 64) , they provide only partial protection against a heterologous virus infection (16, 34, 44, 63) . The results of the present study are consistent with those findings in that prior infection did not prevent superinfection with a heterologous virus, but did damp replication of the second virus at peak and in the post-acute phase of superinfection. Interestingly, the two animals that resisted superinfection had also resisted 18 attempts at the first infection by the intrarectal route and required intravenous inoculation to establish primary infection. This finding raises the possibility that variations in the mucosal barrier rather than specific immunological mechanisms may have contributed to differences in susceptibility to mucosal infection in this cohort of animals (29) .
Just as the correlates of protective immunity have not yet been defined for the protection observed in monkeys that have received a live attenuated SIV vaccine (1, 3, 11, 44, 45, 54, 55) , the mechanisms accounting for the partial protection observed against superinfection in our study are not clear. We used pooled peptides corresponding to SIVmac239 Gag to evaluate virus-specific cellular immune responses because the crossreactive responses are likely the most germane to controlling the replication of the heterologous virus. Nevertheless, there may be additional T-cell responses that contribute to controlling the second virus that are not detected using SIVmac239 peptides. A recent study by Reynolds et al. examining the ability of live-attenuated SIV to protect macaques against heterologous virus challenge implicated major histocompatibility complex (MHC) class I-restricted CD8 ϩ cellular responses in reducing heterologous viral replication during the chronic phase of infection (44) . However, further studies are needed to elucidate the relative contributions of CD8 ϩ T cells and other factors, including CD4 ϩ T cells, antibodies, and NK cells, in the acute phase of replication of the second virus. A decrease in the number of potential target cells as a result of depletion of memory CD4 ϩ T cells in the lamina propria in the gut and lymph nodes following the first infection may have contributed to the reduction and magnitude of peak viremia observed following the second infection. Further detailed characterization of CCR5 ϩ transitional and effector memory T cells in mucosal effector sites is needed to determine the availability of target cells. Other factors, such as innate immune responses or viral interference, may have also contributed to the relative protection observed against the superinfecting virus.
The present study of superinfection in the SIV/rhesus monkey model has important implications for HIV pathogenesis and vaccine development. Although this SIV model of superinfection utilized a higher-dose mucosal challenge to establish superinfection than likely occurs in human cases of HIV superinfection, the findings in the present study suggest that HIV superinfection can occur readily throughout the course of infection. Therefore, the prevalence of HIV superinfection is likely underestimated, especially in cases whose only clinical manifestation is transient low-level replication of the second virus. Similar to human cases of HIV superinfection described by Casado and Piantadosi et al. (8, 40) , SIV superinfection also did not necessarily lead to increases in viral load and clinical deterioration. This could be because both SIV strains that were used in this study are comparably fit, and therefore the persistence of either one or both may not dramatically affect disease progression. In contrast, the clinical sequelae in HIV superinfection may have more variable outcomes than what we observed in this study, since the relative dynamics of the two viruses may be markedly different as a consequence of their relative replication fitness. Interestingly, although superinfection is likely a common phenomenon in HIV-1 infections, it may not have clinical consequences if the two viruses are equivalent in their fitness or if the superinfecting virus transiently replicates at a low level. In contrast to this, superinfection likely has a more profound impact on the sensitivity of circulating viruses to antiretroviral therapy and global HIV genetic diversity as a consequence of viral recombination.
Creating a vaccine that can protect against infection by a virus with the genetic heterogeneity of HIV is a daunting challenge, given that immune responses generated after live SIV infection do not prevent infection of macaques by a heterologous SIV isolate in the nonhuman primate model. Nevertheless, the phenomenon of HIV/SIV superinfection should not discourage the pursuit of an AIDS vaccine, since effective vaccines for viruses such as the mumps and measles viruses also do not prevent entry of virus into the body. While the immune system does not prevent new strains of virus from establishing infections, it can limit the spread of those viruses and attenuate the pathogenic sequelae of infection. Further dissection of the virologic and immune correlates of protection against superinfection in monkeys may provide important in-sights into the nature of immune responses that are required to provide protective immunity against an immunodeficiency virus infection.
